Pythium insidiosum (11) is the etiological agent of pythiosis, a granulomatous disease that affects animals including equines, canines, felines, cattle, and humans. The symptoms of pythiosis include cutaneous and subcutaneous infections, bone lesions, esophagitis, gastrointestinal diseases, and pulmonary infections. Pythium is a genus in the class Oomycetes in the Kingdom Straminipila (39) that is comprised of over 120 described species (53) . However, P. insidiosum is the only species in the genus capable of infecting mammalian hosts, whereas the other species are saprophytic or pathogenic to plants. Results from restriction fragment length polymorphism analysis (46) and sequence analysis (47) revealed three clades of P. insidiosum isolates representing geographical variants or cryptic speciation.
Like most Pythium species, P. insidiosum is difficult to identify morphologically. Gomori's methenamine-silver nitrate stains P. insidiosum hyphae in tissue nonspecifically. In the infected tissues, short, septate hyphae with perpendicular branching are rarely visible, but members of the Zygomycetes have a similar appearance in histological sections (12) . Perhaps the most important cultural identification feature is the production of motile biflagellate zoospores (33) , but this is relatively nonspecific and may take weeks to observe, and for some strains it is difficult to induce zoospore production in culture. Another special feature of pythiosis in equines is the presence of numerous "kunkers" (yellow-white, coral-like necrotic masses of tissue that contain hyphae) in lesions that exhibit an intense eosinophilic inflammatory reaction (10, 50) . However, similar structures are encountered in habronemiasis and subcutaneous zygomycosis caused by the nematode Habronema and the Zygomycetes (Entomophthorales) Basidiobolus and Conidiobolus, respectively (10, 43) , which can lead to a misdiagnosis of the disease. In dogs, the presence of tumor-like masses is often confused with neoplasia (7, 52) .
Numerous serological methods have been developed to diagnose and monitor pythiosis, including a complement fixation test (36) , immunoperoxidase test (6) , and a fluorescein isothiocyanate-conjugated rabbit antiglobulin for staining hyphal elements in tissue (32) . Immunodiffusion (ID) tests have been the most widely used serological diagnostic methods for pythiosis (31) . Although the ID test is entirely specific for pythiosis, negative ID test results have been reported in cases of proven pythiosis (38, 51 ). An enzyme-linked immunosorbent assay (ELISA) method with hyphal antigens has been shown to be a more sensitive and accurate method for detecting pythiosis in the early and chronic stages of the disease and is especially useful when the ID test fails (19, 25, 35) .
Due to the often contradictory results from serological tests, it was our goal to find an additional approach for diagnosing pythiosis and detecting P. insidiosum by molecular biology techniques. DNA probes are particularly useful for the identification of pathogenic agents because probes can often detect DNA in mixed cultures, so pure cultures are unnecessary. Ribosomal DNA (rDNA) is an especially useful target for DNA probes since it is a highly abundant target in cells, representing a preamplification step that increases test sensitivity, and produces a strong hybridization signal. Some investigators have successfully used regions of rDNA to diagnose some cases of pythiosis in humans and animals (3, 18, 41) .
In the present study, a species-specific DNA probe from the rDNA intergenic spacer (IGS) of the P. insidiosum ex-type culture was designed to distinguish P. insidiosum from all other Pythium species was from other pathogens that cause diseases that produce symptoms that resemble pythiosis. The potential applications for the DNA probe are discussed.
MATERIALS AND METHODS
Culture conditions and DNA isolation. A collection of 128 Pythium isolates representing 104 species was used in the present study (Tables 1 and 2) . Pythium isolates were maintained on cornmeal agar (CMA) prepared according to Gams et al. (16) . P. insidiosum strains and all other fungal and algal strains were grown on Sabouraud dextrose agar (2.0% dextrose, 1.0% peptone).
For DNA isolation, small blocks of actively growing cultures were used to inoculate petri dishes containing pea broth (filtered and autoclaved decoction of 200 g of frozen peas, boiled for 20 min in 1 liter of deionized water, to which 5 g of glucose was added). Petri dishes were incubated at the optimum temperature for the species concerned (53). After 5 to 10 days, depending on the growth rate of the species, mycelia were harvested by filtration, washed twice with demineralized water, freeze-dried, and stored at Ϫ20°C until ready for DNA isolation. For each strain, 30 mg of freeze-dried mycelium were ground with sand and a micropestle and DNA was isolated according to the method of Möller et al. (37) with modifications as described previously (24).
PCR.
The rDNA IGS between the large subunit (LSU) and 5S rRNA genes (IGS-1) of P. insidiosum (isolate 65) was amplified with primers Q (ACGCCT CTAAGTCAGAATC) (5) and SR (GAAGCCCGGGTGCTGTCTAG) (24) (Fig. 1 ). In addition, primers LR1 (GCATATCAATAAGCGGAGGA) and LR2 (GACTTAGAGGCGTTCAG) (21) were used to amplify a 2,500-bp region of the LSU rRNA gene for P. insidiosum (isolate 65), Aspergillus flavus, Basidiobolus ranarum, and Prototheca wickerhamii (Fig. 1 ). Reactions were carried out in 50-l volumes containing 5 l of Taq Extender 10ϫ reaction buffer (Stratagene, La Jolla, Calif.); 200 M (each) dATP, dCTP, dGTP, and dTTP; 1.5 mM MgCl 2 ; 20 pmol of each primer, 10 ng of DNA template, 1.25 U of Taq DNA polymerase, and 1.25 U of Taq Extender (Stratagene). Amplifications were done by using a Techne Unit Genius Thermocycler (Techne, Inc., Princeton, N.J.) with the following temperature cycling parameters: denaturation at 93°C for 3 min for the first cycle and 1 min for subsequent cycles, annealing for 1 min at 50°C, and elongation at 72°C for 2 min for primers Q and SR, and 5 min for primers LR1 and LR2. The parameters were repeated for 30 cycles with Q and SR and 25 cycles with LR1 and LR2, followed by a final elongation at 72°C for 8 to 10 min.
Restriction site mapping of IGS-1. A partial digestion of the Q-SR amplicon was carried out in a total volume of 15 l containing 8 to 10 l of PCR product, 1.5 l of REact 2 buffer, and 5 U HinfI (Invitrogen, Carlsbad, Calif.). Eight individual reactions were incubated at 37°C and reactions were stopped at 10 s, at 30 s, and at 1, 3, 5, 10, 30, and 60 min by the addition of 4.0 l of gel loading buffer (40% [wt/vol] sucrose, 0.25% bromophenol blue, 20 mM EDTA). Di- Labeling DNA probes and blot preparation. Fragments of DNA to be used for hybridization studies were excised and purified from agarose gels by using the GeneClean kit (Qbiogene, Inc., Carlsbad, Calif.). Restriction fragment and PCR product DNA probes were random-primed labeled with digoxigenin (DIG)-11-dUTP by using the DIG DNA LABELING Kit (Roche Diagnostics GmbH, Mannheim, Germany). The Q-primer oligonucleotide probe was 3Ј-end labeled with DIG-11-ddUTP by using the DIG oligonucleotide 3Ј-end labeling kit (Roche Diagnostics GmbH). Both labeling procedures were carried out according to the manufacturer's specifications for use in DNA-DNA hybridizations with Southern blots and genomic DNA spot blots.
Spot blots of the appropriate dilutions of genomic DNA were prepared by spotting 1.0 l of denatured DNA (heated at 100°C for 10 min and immediately chilled on ice) on a Hybond-N membrane (Amersham Corp., Piscataway, N.J.). Southern blots of partially digested DNA were prepared according to the method of Southern (49) . The DNA was fixed to the membranes from both dot blots and Southern blots by cross-linking under UV light on a transilluminator for 4 min.
DNA-DNA hybridization. For hybridizations with DNA probes, membranes were incubated for 1 h with constant agitation in 15 ml of prehybridization solution (1% sodium dodecyl sulfate [SDS], 1 M NaCl) at 42°C for the Q-primer probe and at 60°C for restriction fragment or PCR product probes. Subsequently, the DNA probe was denatured at 100°C for 10 min and then added directly to the prehybridization solution after a 1-h incubation at a final concentration of 5 to 25 ng/ml. The hybridization reaction was conducted overnight at the corresponding prehybridization temperature with constant agitation. Membranes were then washed twice, 5 min per wash, in 2ϫ wash solution (2ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate; pH 7.0]-0.1% SDS) at room temperature. Two additional washes were then done for 15 min, each in 0.1ϫ wash solution (0.1ϫ SSC-0.1% SDS) at the temperature used for the initial hybridization reaction. After the posthybridization washes, chemiluminescence detection was performed according to the manufacturer's protocol (Roche), and membranes were exposed to Kodak X-Omat X-ray film (Eastman Kodak Co., Rochester, N.Y.) for 1 to 30 min to detect the chemiluminescent reaction. Subsequent to further chemiluminescent detections, membranes were stripped to remove DNA probes by rinsing the membrane in water for 2 min, followed by two 15 min incubations at 37°C in stripping solution (0.2 M NaOH, 0.1% SDS) and washed two to three times in 2ϫ SSC.
Cloning and sequencing of the DNA probe. The 530-bp HinfI fragment that was to be used as a species-specific probe was cloned into the pPCR-Script Amp SK(ϩ) vector (Stratagene) by using the PCR-Script AMP cloning kit. Plasmid DNA was purified from the cultures by using the QIAprep Spin Miniprep kit (Qiagen, Inc., Mississauga, Ontario, Canada) and screened for the presence of the insert by restriction endonuclease digestion. Plasmids containing the insert were sequenced in both directions with the primers T3 (AATTAACCCTCACT AAAGGG) and T7, (GTAATACGACTCACTATAGGGC) by using a 377XL ABI DNA Sequencer (University Core DNA Services, University of Calgary, Calgary, Alberta, Canada).
Nucleotide sequence accession number. The nucleotide sequence of the 530-bp HinfI fragment from the rDNA IGS-1 of P. insidiosum (CBS 574.85) is available in the GenBank database (accession number AY484596).
RESULTS

Characterization of the P. insidiosum species-specific probe.
The region between the LSU and 5S rRNA genes (IGS-1) of the P. insidiosum ex-type culture (CBS 574.85) was PCR amplified with primers Q and SR (Fig. 1) . A HinfI partial digestion of the 1,900-bp Q-SR amplicon was Southern blotted and hybridized with a DIG-11-ddUTP-labeled Q-primer oligonucleotide probe to construct the HinfI restriction site map of IGS-1 (Fig. 1) .
The central 530-bp HinfI fragment was selected as a potential species-specific DNA probe for P. insidiosum because it did not overlap any of the gene regions and because it gave strong hybridization signals in preliminary trials. The fragment was cloned into the pPCR-Script Amp SK(ϩ) vector and sequenced. The resulting sequence had a GϩC ratio of 44.34% and a T m of 82.14°C. A basic local alignment search tool (BLAST) search was done on GenBank, and no significant hits were obtained. The fragment was then random-primed labeled with DIG-11-dUTP to be used in hybridization tests with genomic DNA of several Pythium species and animal pathogens.
Probe specificity among Pythium species. The specificity of the probe for P. insidiosum was tested by performing DNA-DNA hybridizations with spot blots of genomic DNA from 101 Pythium species. To ensure that approximately equal amounts of target DNA were present for each species, spot blots containing various genomic DNA concentrations for each species were hybridized with a 2,500-bp LSU rRNA gene probe (amplified with primers LR1 and LR2; Fig. 1 ) of the P. insidiosum ex-type culture (data not shown). Concentrations of genomic DNA that produced hybridization signals of equal intensities were selected for each species and spotted onto two membranes (blots I and II; Fig. 2 ), which were then hybridized with the LSU rRNA gene probe of P. insidiosum (isolate 65) (Fig.  2A) . The membranes were then stripped to remove bound probe and rehybridized with the 530-bp P. insidiosum IGS-1 fragment probe (Fig. 2B) . The probe hybridized to genomic DNA of P. insidiosum isolate 65 and P. destruens isolate M23 but did not cross-react with genomic DNA from any of the other 102 Pythium species.
Probe sensitivity for P. insidiosum isolates. Previously, sequence analysis of the rDNA internal transcribed spacer revealed the existence of three distinct clades of P. insidiosum isolates from various animals hosts and geographic regions (47) . Clade I consisted of isolates from North, Central, and South America. Clade II contained isolates from Asia, Australia, and the United States, and clade III consisted of isolates from Thailand and the United States. To test whether the P. insidiosum probe would hybridize to genomic DNA from P. insidiosum isolates representing each of these clades, spot blots were prepared by using genomic DNA from 22 isolates ( Table  2) . Three individual blots were prepared, each corresponding to one of the three clades (Fig. 3) . The target genomic DNA concentrations were first normalized by hybridization with the 2,500-bp LSU rRNA gene probe of P. insidiosum (Fig. 3A) . The membranes were then stripped and rehybridized with the 530-bp P. insidiosum IGS-1 probe (Fig. 3B) . The probe hybridized with DNA from all 22 isolates of P. insidiosum, but the hybridization signal was most intense with isolates representing clade I. The intensity of the hybridization signal was decreased among clade II isolates and was weakest with the four clade III isolates (Fig. 3B ).
Probe specificity when tested with other pathogens. The specificity of the P. insidiosum IGS-1 fragment probe was tested against genomic DNA from several pathogenic organisms that could be present in lesions similar to those caused by pythiosis (Table 2) . Spot blots were prepared (Fig. 4) by using genomic DNA of Aspergillus flavus (Ascomycota), Basidiobolus ranarum (Zygomycota), Conidiobolus coronatus (Zygomycota), Paracoccidioides brasiliensis (Ascomycota), and Prototheca wickerhamii (Chlorophyta). An isolate of Lagenidium giganteum (Oomycota) was also included, along with the ex-type culture of P. insidiosum. Each blot was first hybridized with a LSU rRNA gene probe to ensure that hybridization signals were approximately equal (Fig. 4A) . The membranes were stripped, and all four blots were simultaneously rehybridized in the same hybridization bottle with the 530-bp P. insidiosum IGS-1 fragment probe which only hybridized to genomic DNA of P. insidiosum isolate 65 and did not cross-react with DNA from any of the other pathogens (Fig. 4B) .
DISCUSSION
A species-specific DNA probe for P. insidiosum was constructed by using a 530-bp HinfI fragment from IGS-1 between the LSU and 5S rRNA genes of P. insidiosum. When tested against genomic DNA of 104 Pythium species, the probe specifically hybridized to DNA of the ex-type cultures of P. insidiosum and P. destruens. This not only demonstrated the ability of the probe to distinguish P. insidiosum from other Pythium species but also supported antigenic (34) and molecular evidence (46, 47) that P. insidiosum and P. destruens should be
FIG. 2. Dot blot hybridizations of genomic DNA representing 104
Pythium species with an LSU rRNA gene probe (LR1-LR2 PCR amplicon) from P. insidiosum (isolate 65) (A) and a 530-bp IGS-1 fragment probe from IGS-1 of P. insidiosum (isolate 65) (B). Subsequent to hybridization with the LR1-LR2 probe, the membranes in panel A were stripped and rehybridized with the IGS-1 fragment probe in panel B. Hybridization conditions were identical for both probes. The 3-letter abbreviations correspond to the isolate designations in Table 1. FIG. 3. Dot blot hybridizations of P. insidiosum genomic DNA from isolates representing the genetic clades (clades I, II, and III) discussed by Schurko et al. (47) . Blots were hybridized with the LSU rRNA gene probe (LR1-LR2 amplicon) from P. insidiosum 65 (A) and the 530-bp IGS-1 fragment probe from P. insidiosum 65 (B). Subsequent to hybridization with the LR1-LR2 probe, membranes in panel A were stripped and rehybridized with the IGS-1 fragment probe in panel B. Isolate numbers correspond to those listed in Table 2 Schurko et al. (47) supports the idea that P. insidiosum is indeed a single species or a group of very closely related species. However, the differences in intensity of hybridization between clades, and particularly the weak reactions for clade III, the most distant cluster in terms of restriction fragment length polymorphisms and internal transcribed spacer sequences (46, 47) , point to significant genetic divergence within the species. The probe was also able to distinguish P. insidiosum from other pathogenic organisms that cause diseases of humans and animals (Fig. 4) . Basidiobolus ranarum and Conidiobolus coronatus are zygomycetes which cause conidiobolomycosis and basidiobolomycosis, respectively. The ascomycetes Aspergillus flavus and Paracoccidioides brasiliensis are the etiological agents of aspergillosis and paracoccidioidomycosis, respectively. Prototheca wickerhamii is a chlorophyte alga which causes protothecosis. These clinical entities can cause cutaneous and subcutaneous lesions and infections of internal organs, arteries, body cavities, and bones. Among these organisms, species-specific probes have been constructed for Paracoccidioides brasiliensis (29, 45) and A. flavus (44) , but the crosshybridization of these probes with P. insidiosum has not yet been examined. Misdiagnosis of some of these diseases may be possible due to their common symptoms and histopathological characteristics. This can be especially problematic in the case of pythiosis because this disease is often confused with those caused by members of the zygomycetes, and this would likely result in the prescription of antifungal agents. Although Shenep et al. (48) demonstrated successful synergistic treatment with a combination of itraconazole and terbinafine, therapeutic measures are not expected to have a curative effect since P. insidiosum is not a member of the true fungi and does not respond to common antifungal agents.
The isolate of Lagenidium giganteum included in the analysis was from a mosquito larva in North Carolina. Similarly, P. insidiosum 296 was from a mosquito larva in India. The hybridization of the probe to DNA from P. insidiosum 296 and not to DNA from L. giganteum supports the distinction of these two isolates as separate species, despite their similar hosts, and also confirms the ability of P. insidiosum to infect insect hosts, as well as mammalian hosts. Lagenidium is closely related to Pythium based on coxII gene sequencing (22) and LSU rRNA gene sequencing (42) . This result also indicated that the probe does not cross-react with a closely related genus, although only one Lagenidium species was tested. Lagenidiosis, a recently described disease in canines similar to pythiosis and zygomycosis, is thought to be caused by a Lagenidium species, although not necessarily L. giganteum (20) . Znajda et al. (55) described a nested PCR assay to detect oomycete DNA in tissues from cases of pythiosis and lagenidiosis, but the assay was tested against a limited number of P. insidiosum isolates. Since the P. insidiosum probe described here detects genetically diverse strains of P. insidiosum, results from hybridization studies might help determine whether the etiological agent of lagenidiosis is indeed Lagenidium sp. or in fact a cryptic strain of P. insidiosum, if the probe also hybridizes with that strain.
DNA probes from regions of rDNA have been developed to identify many infectious fungal agents. Species-specific probes have been described for several Candida species (8, 9, 15) , Trichophyton rubrum (14) , and a variety of other fungal pathogens (13, 29, 44, 45) . Species-specific probes have also been constructed to identify several plant pathogenic oomycetes, including Pythium spp. (4, 24, 27, 28, 30) , Phytophthora spp. (17, 23, 26) , and Personosclerospora sorghi (54) .
The P. insidiosum IGS-1 fragment probe has several practical applications in clinical and diagnostic settings. The probe can be used to classify an organism as P. insidiosum from suspected cases of pythiosis and to distinguish it from pathogenically related zygomycetes, ascomycetes, and algae, provided a pure culture of the infectious agent is available. However, the ability of the probe to detect P. insidiosum in infected tissue sections or blood samples would avoid the need to obtain pure cultures. The probe could also confirm the diagnosis of pythiosis based on results from histopathological examinations and ID or ELISA tests, which have been shown to produce conflicting results (40, 51) . It could also be useful for monitoring a patient's response to therapy by detecting the presence or absence of the organism in blood or tissue samples. A common route of infection by P. insidiosum is via zoospores through small cuts or body cavities of individuals who spend time in or drink from stagnant swampy waters or fields. Many fungal species, including other Pythium species, thrive in such environments. The probe could serve as a diagnostic tool to detect P. insidiosum in such environments and to differentiate it from other Pythium species that may be present and harmless to animal hosts. Commercial kits are available that use ELISA to detect Pythium and Phytophthora zoospores in irrigation water (2) . In addition, polyclonal antibodies (1) and competitive PCR (38) have been used to detect the zoospores of P. porphyrae in seawater from Porphyra cultivation farms. Similarly, the DNA probe for P. insidiosum has the potential to detect P. insidiosum zoospores in contaminated water sources that are frequented by humans and animals.
The species-specific probe for P. insidiosum presented here provides a molecular biological diagnostic method that can be used, in conjunction with present clinical tools, to diagnose cases of pythiosis with greater confidence and accuracy. Rapid identification is essential so that an appropriate clinical decision can be made concerning the identity of the isolate, the therapeutic approach to be used, and the dosage and duration of the appropriate therapy. The probe also has the potential to be used as a tool to screen tissue and blood samples and environmental sources that may harbor the infectious organism.
